Purpose: In patients with papillary renal cell carcinoma, it is not uncommon to find two or more anatomically distinct and histologically similar tumors at radical nephrectomy.Whether these multiple papillary lesions result from intrarenal metastasis or arise independently is unknown. Previous studies have shown that multifocal clear cell renal cell carcinomas express identical allelic loss and shift patterns in the different tumors within the same kidney, consistent with a clonal origin. However, similar clonality assays for multifocal papillary renal cell neoplasia have not been done. Molecular analysis of microsatellite and chromosome alterations and X-chromosome inactivation status in separate tumors in the same patient can be used to study the genetic relationships among the coexisting multiple tumors. Experimental Design: We examined specimens from 21 patients who underwent radical nephrectomy for renal cell carcinoma. All patients had multiple separate papillary lesions (ranging from 2 to 5). Eighteen patients had multiple papillary renal cell carcinomas. Seven had one or more papillary renal cell carcinomas with coexisting papillary adenomas. Genomic DNA samples were prepared from formalin-fixed, paraffin-embedded tissue sections using laser-capture microdissection. Loss of heterozygosity assays were done for six microsatellite polymorphic markers for putative tumor suppressor genes on chromosomes 3p14 (D3S1285), 7q31 (D7S522), 9p21 (D9S171), 16q23 (D16S507), 17q21 (D17S1795), and 17p13 (TP53). X-chromosome inactivation analyses were done on the papillary kidney tumors from three female patients. Fluorescence in situ hybridization analysis was done on the tumors of selected patients showing allelic loss at loci on chromosome 7 and/or chromosome 17. Results:Twenty of 21 (95%) cases showed allelic loss in one or more of the papillary lesions in at least one of the six polymorphic markers analyzed. A concordant allelic loss pattern between each coexisting kidney tumor was seen in only 1of 21 (5%) cases. A concordant pattern of nonrandom X-chromosome inactivation in the coexisting multiple papillary lesions was seen in two of three female patients. A discordant pattern of X-chromosome inactivation was seen in the tumors of the other female patient. Fluorescence in situ hybridization showed that the majority of tumors analyzed had gains of chromosomes 7 and 17. Two patients had one tumor with chromosomal gain and another separate tumor that did not. Conclusion: Our data suggest that, unlike multifocal clear cell renal cell carcinomas, the multiple tumors in patients with papillary renal cell carcinoma arise independently. Thus, intrarenal metastasis does not seem to play an important role in the spread of papillary renal cell carcinoma, a finding that has surgical, therapeutic, and prognostic implications.
studies have shown multifocal clear cell renal cell carcinomas to be of a common clonal origin with multifocality presumably arising secondary to intrarenal metastasis (6, 7) . However, similar clonality studies have not been done on papillary neoplasms of the kidney despite the fact that these tumors are the most frequently multifocal renal cancers. Treatment with nephron-sparing surgery or nonsurgical intervention such as radiofrequency ablation is increasingly being employed for renal tumors, especially small ones (8 -11) . In this clinical setting, clearly defining the genetic relationships among the multifocal papillary lesions and assessing the malignant potential of each lesion could have important diagnostic, surgical, and prognostic implications. In addition, understanding the nature of tumor multifocality can serve to further our understanding of the genetic basis of tumor progression in papillary renal neoplasms. In this study, molecular analysis of microsatellite and chromosomal alterations and X-chromosome inactivation status in separate papillary renal neoplasms from the same patient was used to assess the molecular genetic relationships among the coexisting multiple tumors.
Materials and Methods
Patients. Eighteen men and three women with multifocal papillary tumors of the kidney (papillary renal cell carcinomas and papillary adenomas) underwent nephrectomy from 1991 to 2003. None of the patients was known to have the hereditary papillary renal carcinoma syndrome. Three patients had end-stage renal disease. The patients had a mean age of 60 years (range, 26-83 years). All patients had two or more papillary neoplasms including at least one papillary renal cell carcinoma. All tumors were confined to the kidney. Pathologic staging was done according to the 2002 tumor-node-metastasis classification system (12) . Eleven patients had stage pT 1a lesions, eight patients had pT 1b lesions, and three patients had pT 2 lesions. The mean diameter of the largest tumor from each patient was 4.9 cm (median, 5.0 cm; range, 1.0-10.0 cm).
Tissue samples and microdissection. Archival surgical materials from 21 patients with papillary renal cell carcinoma (3 female patients Histologic sections were prepared from formalin-fixed, paraffinembedded tissue and were stained with H&E for microscopic evaluation. From these slides, the multiple papillary neoplasms were reviewed by a single pathologist (L.C.). Laser-assisted microdissection of the separate tumors was done ( Fig. 1 ) on unstained sections using a PixCell II laser-capture microdissection system (Arcturus Engineering, Mountain View, CA) as previously described (13 -16) . Approximately 400 to 1,000 cells of each tumor were microdissected from the 5-Am histologic sections. Normal tissue from each case was microdissected as a control.
Detection of loss of heterozygosity. The dissected cells were deparaffinized with xylene and ethyl alcohol. PCR was used to amplify genomic DNA at six specific loci on five different chromosomes: 3p14 (D3S1285), 7q31 (D7S522), 9p21 (D9S171), 16q23 (D16S507), 17q21 (D17S1795), and 17p13 (TP53). Previous studies have shown that loss of heterozygosity (LOH) at these loci occurs frequently in renal cell carcinomas (6, 17 -27) . The tumor suppressor gene fragile histidine triad (FHIT) locus is present at 3p14 (D3S1285). Chromosomal region 7q31 (D7S522) contains the aphidicolin-inducible fragile site FRA7G. D9S171 includes regions of the putative tumor suppressor gene p16. D16S507 corresponds to the CDH13 (H-cadherin) gene. The 17q21 (D17S1795) locus includes a putative tumor suppressor gene. The TP53 locus corresponds to the gene encoding the p53 protein. Mutations of the p53 gene are the most common genetic abnormalities in cancer (28) . PCR amplification and gel electrophoresis were done as previously described (14, 15, 29 -32) . The criterion for allelic loss was complete or nearly complete absence of one allele in tumor DNA (14, 15, 29 -32) . PCRs for each polymorphic microsatellite marker were repeated at least twice from the same DNA preparations and the same results were obtained.
Analysis of allelic loss pattern. When the genetic material in a patient was found to be homozygous for the polymorphic markers (i.e., showing only one allele in the normal control tissue), the case was considered noninformative. Patients with genetic material that was informative (i.e., showing two alleles in the normal control tissue) were divided into two categories. Their DNA may show no allelic deletions in the tumor, retaining two different alleles of similar intensity on autoradiographs, or show absence of one allele. DNA sampled from the cells of separate papillary neoplasms demonstrating identical allelic loss patterns is compatible with a common clonal origin whereas different patterns of allelic deletions are compatible with independent clonal origins of these tumors (29, 30, 32, 33) .
Detection of X-chromosome inactivation. X-chromosome inactivation analysis was done on papillary tumors from three female patients as previously described (30, 34, 35) . DNA samples were prepared from each tumor from the same patient. The dissected cells were placed in 15 AL of buffer [10 mmol/L Tris-HCl, 1 mmol/L EDTA, 1% Tween 20, and 0.2 mg/mL of proteinase K (pH 8.3)] and incubated overnight at 37jC. The PCR products were separated by electrophoresis at 1,600 V for 4 to 7 hours. The bands were visualized after autoradiography with Kodak X-OMAT film (Eastman Kodak Company, Rochester, NY) for 8 to 16 hours.
Analysis of X-chromosome inactivation. The cases were considered to be informative if two AR allelic bands were detected after PCR amplification in normal control samples that had not been treated with HhaI. In tumor samples, nonrandom X-chromosome inactivation was defined as a complete or a nearly complete absence of an AR allele after HhaI digestion, which indicated a predominance of one allele. Tumors were considered to be of the same clonal origin if the same AR allelic inactivation pattern was detected in each separate tumor. Tumors were considered to be of independent origin if alternate predominance of AR alleles after HhaI digestion (different allelic inactivation patterns) was detected in each tumor (34 -36) .
Fluorescence in situ hybridization. Fluorescence in situ hybridization (FISH) analysis was done as previously described (37 -39) . Fivemicron-thick sections were cut from paraffin-embedded blocks. a-Satellite centromeric DNA probes for chromosomes 7 and 17 were from Vysis (Downers Grove, IL). The CEP7/17 probes labeled with spectrum green were diluted with tDenHyb1 (Insitus, Alburquerque, NM) in a ratio of 1:100. Five microliters of diluted probes were added to the slide in the reduced light condition. The slides were counterstained with 10 AL of 4V ,6-diamidino-2-phenylindole/Antifade (4V ,6-diamidino-2-phenylindole in Fluorguard, 0.5 Ag/mL, Insitus) for 2 minutes and covered with a 50 Â 22 mm coverslip and were sealed. The slides were examined using a MetaSystem Axioplan 2 System (Metasystem Group, Inc., Belmont, MA).
In situ hybridization analysis. The criteria for evaluating the FISH signals were previously described (37 -39) . Fifty to 200 nuclei were scored for a-satellite signals observed with the fluorescence microscope at Â400 magnification. As much as possible, signals from solitary nuclei were counted, but groups of two or three adjacent but not overlapping nuclei were occasionally included in the counts. Nuclei were counted when the entire nuclear circumference had a round-to-oval contour and showed no evidence of fragmentation. Two signals of the same size in close proximity, not connected by a link, were counted as two signals. A diffuse signal was regarded as a signal if it was contiguous and within an acceptable boundary. Two small signals connected by a visible link were counted as one signal. Overlapping nuclei and nuclei with uncertain signals were not counted. There was no significant variation in hybridization efficiency when different areas of the slides were examined. The number of signals visualized in nuclei was tabulated from areas of the slides in which nuclear overlap was minimal. Cells bearing one, two, and three signals were counted separately. Normal tissue on the same slides was also counted as a control.
Results
Twenty of the 21 (95%) patients with multifocal papillary renal neoplasms showed allelic loss in one or more of their papillary tumors ( Table 1 ). The number of loci lost in a single tumor ranged from one to five. Nearly all of the tumors (n = 52) from the 21 patients showed different patterns of allelic loss.
The frequencies of allelic losses in the informative papillary renal cell carcinomas were 31% (13 of 42) with D3S1285, 36% (15 of 42) with D7S522, 50% (20 of 40) with D9S171, 26% (11 of 42) with D16S507, 41% (15 of 37) with D17S1795, and 14% (6 of 42) with TP53. The frequencies of allelic losses in the informative papillary adenomas were 0% (0 of 10) with D3S1285, 10% (1 of 10) with D7S522, 50% (5 of 10) with D9S171, 30% (3 of 10) with D16S507, 29% (2 of 7) with D17S1795, and 20% (2 of 10) with TP53.
The allelic loss patterns at the six loci varied among the multifocal papillary carcinomas that were analyzed, consistent with independent origin. The LOH patterns from coexisting carcinomas and adenomas were very different, which is also consistent with independent origin. A concordant allelic loss pattern between each of coexisting kidney tumors was seen in only 1 of 21 (5%) patients (case 13). One patient showed a concordant pattern of allelic loss between two papillary adenomas; however, three coexisting papillary renal cell carcinomas in this patient each displayed an LOH pattern different from the adenomas and from each other.
A discordant pattern of nonrandom X-chromosome inactivation was seen in the tumors of one female patient, consistent with the independent origin of the multiple tumors (case 20; Fig. 2) . A concordant pattern of nonrandom X-chromosome inactivation in the coexisting multiple papillary lesions was seen in two of three female patients (cases 16 and 21).
FISH analysis was done on 13 tumors from 6 patients showing LOH at loci on chromosome 7 and/or chromosome 17 (Fig. 3 ). Trisomy 7 was observed in all 6 cases in 12 of 13 tumors. Trisomy 17 was observed in all 6 cases in 12 of 13 tumors. Disomy was seen in a single tumor in two patients. In case 6, one tumor showed disomy of chromosome 7 and the other showed trisomy of chromosome 7. In case 11, one tumor showed disomy 17 and the other showed trisomy 17. Thus, the FISH data support an independent origin for the multifocal tumors in these two cases.
Discussion
Tumor multifocality occurs in 7% to 25% of renal cell carcinoma cases (40 -42) with papillary renal cell carcinomas being the histologic type most commonly having coexisting multiple separate tumors (1 -5) . Previous clonality studies by LOH analysis of multifocal clear cell renal cell carcinomas by Miyake et al. (6) and Junker et al. (7) have shown that these tumors seem to arise from a common clonal origin with multifocality thought to arise secondary to intrarenal metastasis. Similar studies on multifocal papillary renal neoplasms, however, have not been previously reported despite the fact that papillary renal cancers are more likely than clear cell renal cell carcinomas to be multifocal. In this study, we studied 21 patients with multifocal papillary tumors of the kidney, including both papillary renal cell carcinomas (n = 42) and papillary adenomas (n = 10), using LOH, X-chromosome inactivation, and FISH analyses to assess tumor clonality. We found that, unlike multifocal clear cell renal cell carcinomas, coexisting separate papillary tumors of the kidney seem to arise independently, suggesting a mechanism other than intrarenal metastasis for the Nearly every tumor examined displayed a different allelic loss pattern at the six loci examined in this study, suggesting that each separate tumor arose independently and that coexisting tumors are not clonally related. Only one patient (case 13) had two papillary renal cell carcinomas with an identical pattern of LOH. By contrast, LOH analysis of multifocal clear cell renal cell carcinomas has shown these tumors to be of a common clonal origin with multifocality presumably occurring secondary to intrarenal metastasis (6, 7) . The molecular and cytogenetic properties of these two distinct histologic types of renal cancer have been extensively studied and each is characterized by different characteristic genetic alterations (43 -50) . Whereas clear cell renal cell carcinomas frequently show loss of DNA regions on chromosomal arms 3p, 14q, 9p, 8p, 6q, and 5q, papillary renal cell carcinomas often exhibit chromosomal polysomies, most frequently gains of chromosomes 7 and 17. Thus, with these contrasting genetic abnormalities, it is not surprising that the mechanisms responsible for tumor multifocality in these two types of renal cell carcinoma may be different as well.
Junker et al. (51) analyzed five cases of multifocal papillary renal tumors by comparative genomic hybridization and found at least one identical alteration in four of the five cases; however, this technique can only detect DNA copy number aberrations that span 2 to 10 Mb or more and, thus, is not ideal for clonality analysis. These results are also not surprising given the well-characterized and specific chromosomal copy number increases commonly seen in most cases of papillary renal cell carcinoma. Because papillary renal cell carcinoma is characterized by gains of whole chromosomes, microsatellite analysis may not detect LOH at every locus; however, clonally related tumors should still be expected to display the same allelic loss patterns. We found only 1 of 21 patients with multifocal papillary tumors of the kidney to have identical allelic loss patterns in each tumor. Alternatively, it is possible that one tumor resulted from a clonal metastasis from a specific, unsampled subpopulation of tumor cells within another tumor or that different allelic loss patterns among multifocal papillary tumors may represent clonal divergence after intrarenal spread rather than true oligoclonality. This may have occurred in cases 16 and 21 as the allelic loss patterns were variable among the multiple tumors; however, each showed the same pattern of nonrandom X-chromosome inactivation.
The most consistently informative marker of the clonal composition of neoplastic disorders in females is the nonrandom pattern of X-chromosome inactivation (34) . Unfortunately, only 3 of the 21 patients in this study were female, limiting the subset of multifocal tumors that could be analyzed by Xchromosome inactivation analysis. One case (case 20) shows a discordant pattern of nonrandom X-chromosome inactivation among the four tumors in this patient, clearly demonstrating an independent origin for these multicentric tumors. Zhuang et al. (52) studied multifocal papillary renal cell carcinomas in patients with hereditary papillary renal cell carcinoma syndrome and showed a nonrandom duplication of the chromosome bearing a mutated MET gene in these patients. They analyzed 10 separate tumors (five from each kidney) in one patient using X-chromosome inactivation analysis and found evidence of independent clonal origins in at least two tumors from each kidney (52) . Although our patient population did not include patients with hereditary papillary renal carcinoma, our results are consistent with these findings, suggesting that Research.
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Our findings are concordant with the findings of Henn et al. (53) who reported a case of papillary renal cell carcinoma with six multifocal and bilateral lesions. Karyotype analysis of each tumor revealed cytogenetic heteroclonality favoring the assumption that each tumor arose independently. Multifocality in papillary renal tumors is often seen bilaterally without evidence of metastasis to other organs (4, 54), a finding that suggests independent origin. Multifocality in papillary renal cell carcinoma has been shown not to be associated with stage, grade, or histologic subtypes (i.e., type 1 versus type 2; refs. 55 -57), a finding that is again consistent with independent origin. Whereas papillary adenomas are low-grade tumors (<5 mm in diameter) and are benign, the malignant potential of small papillary renal cell carcinomas (0.5-1.5 cm) if left unresected remains uncertain. In a series of 344 patients treated with nephron-sparing surgery, Krejci et al. (58) showed that patients with clear cell renal cell carcinoma had significantly worse cancer-specific survival than patients with papillary renal cell carcinoma. It is possible that these differences might be explained, in part, by decreased local recurrence due to a decreased incidence of intrarenal metastasis in papillary renal cell carcinomas as compared with their clear cell counterparts.
Radical nephrectomy has long been considered the gold standard therapy for renal cell carcinoma. With advances in radiologic imaging, an increasing proportion of renal cancers are discovered incidentally with a high proportion of these tumors being small (40) . As a result, nephron-sparing surgical techniques have become widely employed for renal cancer therapy, even in patients with a normally functioning contralateral kidney, and there is increasing interest in the urologic and radiologic communities in another form of conservative therapy for renal neoplasms-computed tomographyguided radiofrequency ablation of tumors in situ (8, 9, 11, 40) . The main objection to conservative surgery for renal cell carcinoma is concern over local recurrence due to the possible presence of small tumors with malignant potential in the portion of kidney left behind. Additional tumors undetectable by conventional radiologic examination have been found in Fig. 3. A and B , histologic, FISH, and LOH features of papillary renal cell carcinoma. A1 to A3, case12; B1 to B3, case14. A1 and B1, papillary renal cell carcinoma composed of branching papillae and covered with a single layer of cells with eosinophilic cytoplasm. A2 and B2, FISH of the corresponding tumor with a centromeric probe of chromosomes 7 and 17 showed groups of tumor cells with trisomic chromosome 7 (A2) or17 (B2; green signals). A3 and B3, microsatellite analysis on chromosomes 7 (D7S522) and 17 (D17S1795) showed different LOH patterns between different tumor foci. C, proposed mechanism resulting in trisomic chromosomes 7 and 17. 13% to 25% of kidneys resected by radical nephrectomy (40, 42, 59) . These tumors become important in the setting of nephron-sparing surgery or computed tomography -guided radiofrequency ablation because if intrarenal metastasis is the mechanism by which renal carcinomas become multicentric, then these radiologically undetectable lesions likely have malignant potential as they would be derived from the same clone of neoplastic cells as the main tumor. Additional lesions that arise independently from the main tumor may be of less importance when considering conservative surgery for renal cell carcinoma. However, the malignant potential of the multiple tumor foci needs to be assessed. Based on our data, we suggest that some multifocal papillary tumors of the kidney arise independently and that these separate lesions are not clonally related and, thus, are not a result of intrarenal metastasis.
Papillary renal cell carcinomas are characterized cytogenetically by trisomy of chromosomes 7 and 17 in the majority of cases. Despite the chromosomal trisomies, previous studies have shown allelic losses on these chromosomes at the D7S522 and D17S1795 loci (17, 20) . Six of our patients with tumors showing LOH at these loci (n = 13) were analyzed with FISH to detect trisomies of chromosomes 7 and 17 ( Fig. 3 ). Interestingly, trisomy of chromosome 7 was observed in 12 of 13 tumors. One patient (case 6) had one tumor with disomy of chromosome 7 and another tumor with trisomy of chromosome 7, further demonstrating the genetic differences between these coexisting separate tumors. Trisomy of chromosome 17 was also observed in 12 of 13 tumors. The one patient with a tumor showing disomy of chromosome 17 (case 11) had a coexisting tumor with trisomy of chromosome 17, again highlighting the genetic differences between multicentric papillary tumors. Similar results were found by Zhuang et al. (52) who examined multifocal papillary renal cell carcinomas in patients with hereditary papillary renal carcinoma by FISH and found that separate tumors from the same patient harbor either disomy or trisomy of chromosome 17. We propose two mechanisms by which LOH can be observed at loci on trisomic chromosomes (Fig. 3C) . Allelic loss can occur on either chromosome copy before trisomy formation, in which case LOH at either allele could be shown regardless of which chromosome is duplicated. Alternatively, allelic loss can occur after trisomy formation, in which case only LOH on the nonduplicated chromosome would be detectable on LOH analysis. It is unknown which of the two proposed mechanisms is most common in these cases; however, it is likely that in papillary renal tumors, LOH is involved in the development and/or progression of disease even when allelic loss occurs on a chromosome that is present in more than two copies.
In conclusion, our data suggest that, unlike multifocal clear cell renal cell carcinomas, multifocal papillary tumors of the kidney can and often do arise independently. Thus, intrarenal metastasis does not seem to play as important a role in the spread of papillary renal cell carcinoma. Whereas the precise mechanism responsible for the independent and multicentric origin of these papillary tumors remains uncertain, the decreased incidence of intrarenal spread with this histologic type of renal cell carcinoma may potentially be diagnostically, therapeutically, and prognostically important.
